We developed an infrared spectroscopic evaluation method of Sake (rice wine), whose quality and taste highly depend on the chemical contents, the interactions between the components, and the pH value, using a Fourier transform infrared (FT-IR) spectrometer equipped with an attenuated total reflection (ATR) accessor y. The objective of this study is to understand the spectral features of Sake and the main components because the component balances of the amino and organic acids originating from white rice as the raw material and being produced during brewing processes could closely relate to the Sake characteristics. The spectral features characterizing the Sake variety were mainly observed in four regions on the mid-infrared (MIR) spectra. The Sake varieties was able to be distinguished as a difference in the spectrum pattern by considering the pH dependence of the amino and other organic acids based on the ionic dissociation equilibrium theory. Furthermore, the Sake, which has almost a similar characteristic, such as the polishing ratio of the rice as the raw material is different by only 5% or the Sake product before and after it matured, could be identified on the spectral data. Consequently, the infrared spectral information analysis would be acceptable as a new method to evaluate a profile of Sake for the quality evaluation relating to the taste and the non-destructive on-line monitoring of the brewing process.
Introduction
Recently, the quality evaluation and control has been important for almost all systems, especially for the food manufacturing process. However, it is difficult to construct a quality model for the quality evaluation of food.
On the other hand, exporting the high-quality agricultural products and its processing foodstuffs is one of the important tools for the Japan's growth strategy. Rice wine or "Sake" is one of the traditional fermentation foods in Japan and has characteristic flavors and tastes. The manufacturing process has many steps and the process control requires the experience of experts [1] . Especially, the brewing process of Sake simultaneously involves two enzymatic reactions, i.e., the dissolution / saccharification of starch in the rice as the raw material and ethanol fermentation of the glucose. As a result, many variations of Sake are manufactured. The quality and taste of Sake Ken-ichiro SUEHARA, Takaharu KAMEOKA, Atsushi HASHIMOTO 280 they are rapid, not expensive and "as-it-is" methods [5] [6] [7] [8] [9] [10] [11] [12] . In addition, the information about all the organic components in a food is theoretically contained in the absorption of the infrared spectrum. The quantitative evaluation of the main components and the interaction of the organic components in the food could be analyzed using the spectroscopic information. However, the spectral analysis regarding the food quality is very difficult because the spectral feature is a complicated change based on the component balance of the organic components and on their conditions such as the pH value.
Therefore, some chemometric techniques, such as the principal component analysis (PCA) and partial least squares (PLS), are used to extract the spectral features and to develop the calibration equation for the quantitative analysis of the target components [5] [6] [7] [8] [9] . However, information which is explained by the calculated principal components (PCs) using the chemometrics models is not clear because the PCA is used to reduce the dimensionality and because the calculated PC, which is the maximized distribution of the data, is not always based on the target component. If the PC can be better calculated based on the target component information, the chemometric technique is one of the powerful tools to extract useful information from the complex spectral features [13] . Therefore, a theoretical analysis of the spectral feature changes is very important to create a useful chemometrics method for evaluations of the food quality.
In addition, the spectral pattern of each food would be applicable as the spectroscopic fingerprint data for identification of the kind of the food [6] .
The objective of this study is to understand the spectral features of Sake and the main components because the component balances of the amino and organic acids originating from white rice as the raw material and being produced during brewing processes could closely relate to the Sake characteristics. At first, we investigated the spectral feature of thirty brands of Sake which have various qualities and tastes. To determine the spectrum region suitable for spectroscopyically understanding of the Sake variety, the Sake samples were classified based on the differences in the polishing ratio of the rice as the raw material, specific classes of Sake, Sake meter value (SMV) called "Nihonsyudo" in Japanese, or the amino acid values (AAV). Next, to confirm and explain the variety of the spectral features of the Sake, we focused on the sugar, alcohol, and several acids that determine the quality and taste of the Sake. The spectral pattern of the amino and organic acids has a pH dependence, therefore, we extracted the molar spectra of the ionic dissociation species of amino acids (glutaminic acid and glycine) and the other organic acids (citric, acetic, lactic, succinic and malic acids) based on the ionic dissociation equilibrium theory [14] [15] [16] . After then, we reconstructed the spectrum of the Sake model by a calculation in pH range of actual Sake products. Finally, we tried the identification based on the Sake spectra when their characteristics are very similar by considering the distribution range of the spectrum which depended on pH values of the Sake model.
Materials and Method

Samples
Thirty brands of Sakes manufactured and sold by 13 manufacturers in the Mie prefecture, Japan, were used as the commercial products of the Sake samples. The specific classes of the purchased Sakes were "Junmai Daiginjo (n＝4)", "Junmai Ginjo (n＝12)", "Junmai (n＝ 9)", "Special Junmai (n＝2)", and "Honjozo (n＝3)". The basic properties of the Sakes are shown in Table 1 . The average, and the minimum and maximum pH values 
FT-IR spectroscopy
The MIR spectra of the samples were measured using a FT-IR spectrometer (Nicolet Magna-IR 750, Thermo Fisher Scientific Inc., USA) equipped with an attenuated total reflectance (ATR) accessor y (DuraSampleIR; SensIR Technologies, USA). The instrument was allowed to purge for several minutes prior to acquisition of the spectra in order to minimize the spectral contribution due to atmospheric water vapor. Sixty-four scans of symmetrical inter ferograms at a 4 cm -1 resolution were added up for each spectrum. To eliminate the baseline shift in the spectra and to separate the overlapping peaks and shoulders, the second derivatives of the spectra were calculated using the Savizky-Goray method with seventeen points. In order to obtain the spectral characteristics of the Sake component, the ethanol and water spectra were subtracted from the Sake ones.
Extraction of the molar spectra of the ionic dissociation species
We assumed that the spectrum of the ionic species could not be affected by the hydrogen ion concentration and that the spectral additivity for the ionic species was satisfied. The second derivative spectr um could be MIR-spectral features of Sake variety 281 decomposed by the second derivative spectra of the ionic species [14] [15] [16] . 
Results and Discussion
Spectral variation of Sake variety
observed on MIR spectra Figure 1 shows the raw, second derivative, and subtracted second derivative MIR spectra of the thir ty brands of Sake which were obtained after spectral subtraction of the ethanol aqueous solution. Average spectra of each specific type of the Sake were displayed in the are due to the absorption of ethanol. In the fingerprint region from 1300 to 900 cm -1 , many peaks were observed, such as the CO and C-OH stretching modes, which overlapped each other [17] [18] [19] . To eliminate the baseline shift in the spectra and to separate the overlap- ping peaks and shoulders, the second derivatives of the spectra were calculated (Fig. 1b) . The Sake spectrum seems to be overlapped by the spectrum of the ethanol aqueous solution because ethanol is the major component of Sake. Therefore, we subtracted the ethanol aqueous information from the Sake spectra (Fig. 1c) . As a result, the spectral features characterizing the Sake variety were mainly observed in four regions ranging from 950 to 1200, from 1300 to 1450, from 1500 to 1750, and from 2850 to 3000 cm -1 on the MIR spectrum. To confirm this, the Sake variety was classified based on the differences in the polishing ratio of the rice as the raw material, specific classes of Sake, SMV, or AAV. The outer layer of the brown rice is removed and only the internal part (mainly starch) is used for the brewing of Sake. The white rice with the polishing ratio of 55% means that the rice had 45% of the outer layer removed. The specific class of Sake means a high-quality in the order of "Junmai Ginjo", "Ginjo" "Honjozo" [1, 2] . "Junmai
Daiginjo", a specific type of "Junmai Ginjo" is positioned as the premium brands. It is brewed using white rice and more than 50% polishing as the raw material. SMV is the international standard that was established by Japanese Sake manufacturers and is calculated based on the sugar and ethanol concentrations in the Sake products. The lower / negative SMV numbers indicate an increasing sweetness, and the higher / positive numbers indicate a drier Sake. AAV is one of the important factors for the quality evaluation of the Sake because a specific amount of amino acids can play an important role in the reconciliation of the Sake taste. In all cases, different spectral patterns of the four regions were more clearly observed (Fig. 2) . The peaks observed in the region ranging from 1200 to 950 cm -1 may be mainly due to the absorption of the sugars [17] [18] [19] . The peaks observed in the regions ranging from 1450 to 1300 and ranging from 1750 to 1500 cm -1 may be attributable to the absorption of various amino and other organic acids [16] .
The intensity of most of the observed spectral peaks on the MIR spectrum is theoretically caused by the amount of each organic contents of Sake. However, the order of the intensity of the spectral peak may differ partially even if the Sake variety classified based on the differences in the polishing ratio, specific classes, SMV, and AAV. The spectral pattern may var y according to the changes based on the organic component balance and also the interaction conditions that include the pH value.
Therefore, we considered the spectrum feature as the spectral pattern characterizing Sake variety. In fact, the quantitative information about the main components and the interactions of the organic components in the Sake could be observed using the spectroscopic analysis [16] .
However, the peaks of the amino and other organic acids which determine the taste of Sake were overlapped and the observed peak has a pH dependence on the spectra.
Therefore, we focused on the spectral behavior (pattern) of the amino and other organic acids which determined the Sake taste. Table 2 shows the composition of the typical main components of the Sake [20] . In these components, the spectral characteristics of the amino and other organic acids change due to the pH value of the solution because these are ionic dissociative materials. In a previous study, the pH dependence of the spectral characteristics of ethanol and sugar aqueous solutions were not obser ved [15] . The glycerol pH dependence of the spectral characteristics of glycerol aqueous solutions was also not observed. Therefore, we extracted the molar spectra of the ionic dissociation species of the amino acids (glycine [21] and glutaminic acid) and other organic acids (citric, Table 1 was described within the parenthesis of explanatory notes. (Fig. 4a) . The absorption of the calculated Sake model spectra is lower than the commercial Sake spectra (Fig. 2) because the calculated spectrum was reconstructed by adding only the main acids component absorptions. However, the spectral feature of the variations in the actual Sake could be expressed because the main peaks and the spectral pattern almost corresponded to the commercial Sake spectra. These results suggested that the spectral pattern of the Sake model expressed the characteristics of the actual Sake and is based on the quantitative information of the main components and interaction of the organic components in the Sake. In addition, the theoretical analysis of the spectral pattern differences would be possible based on the ionic dissociation equilibrium theory. To make the chemometrics model more stable, a theoretical analysis of the spectrum pattern changes will be important. As shown in Fig.   4a , the pH dependence on the spectrum pattern was clarified based on the pH variation observed with commercial Sake. The spectral variation of Sake would be evaluated including the pH dependency of the actual commercial Sake, except at around 1720, 1550, and 1400 cm -1 .
Influences of pH on spectral characteristics of the main components of Sake
Identification of the spectra of Sake with very similar characteristic
As was stated previously, pH dependency of the Sake spectrum was clarified based on the ionic dissociation equilibrium theor y. However, the composition of the organic contents of the actual Sake showed slight differences even if the product was made by the same manufacturer. The difference in the composition of the organic contents might be due to the brewing period and used tank that usually differ for the production of the same brand of Sake. Although the difference between the same brands of Sake is ver y interesting, however, we measured the Sake samples which could be neglected the difference as much as possible as the first step of this study.
Figures 4b and c show the spectral feature difference of Sake when their characteristic is very similar. In the Fig.4 , the standard deviation (SD) of the second derivative spectrum was displayed on each of the spectra using gray area, and the peak positions with different spectral patterns were displayed using arrow. In Fig. 4b , the spectral pattern differences were observed when the polishing ratio of the rice as the raw material is different by only 5% for "Junmai Ginjo" which was made by the same manufacturer. In addition, the brewing process of both products is approximately the same because the products are manufactured at the same time using a smallscale plant by a local manufacturer located near our university. The both Sake products are sold as Mie University brand. The brewing processes management is partially carried out as an internship program for the student of the Mie University. However, the process control is mainly carried out by an expert chief brewer. It seems that the difference in both the products is only due to the polishing ratio of the rice because the rice as the raw materials is also cultivated at the affiliated Farm Station of faculty of Bioresources, Mie University. In the region from 1200 to 950 cm -1 , which mainly observed the sugar absorption, the spectral pattern and the intensity of the main peaks were almost the same. The content of the sugar in both Sakes will be almost the same because the brewing processes were simultaneously carried out and the rice as the raw material is exactly the same. However, the dif ference in the polishing ratio of the rice is reflected in the spectral pattern of the other regions ranging from 1450 to 1300, from 1750 to 1500, and from 3000 to 2850 cm -1 . The spectral patterns of these regions are slightly dif ferent. The spectral feature of these regions might correspond to the absorption of the amino and organic acids which will be traced to the remaining outer layer of the polished rice. Figure 4c shows the spectral pattern dif ferences between the "Junmai Ginjo" product and the matured one which is aged and sold by the same manufacturer.
We directly purchased these two brands of Sake from the brewery of the manufacturer. In the region from 1200 to 950, the absorptions of mainly sugars were reduced after the aging. Sugars containing the Sake might be decomposed during the aging. In contrast, the absorption in the other regions was increased for the peaks because the composition of the amino and organic acid might be changed by aging. As a result, the spectral pattern changed after aging.
These results suggested that the spectral features indicated the characteristic information of the Sake variety even if the Sake variety is only slightly different. The IR spectroscopic method has a great potential for the quality evaluation of the Sake products. The differences in the spectral pattern among the Sake varieties would be applicable to the spectroscopic fingerprint data for the evidence of the food qualities based on the actual sensing data. In addition, the spectral difference would be comprehensively evaluated in the created chemometrics models based on the spectrum information. A more stable PLS model would be obtained using the clear information of the spectral absorption bands caused by the balance and the interaction of the organic components.
The theoretical analysis of the spectral information as shown in this study is a significant and important step for the quality evaluation and the brewing process control of Sake and other fermented foods.
Conclusions
The characteristics of the Sake variety were able to be identified as a difference in the MIR spectral pattern based on the amino and organic acids and on the pH dependence. Although the spectral behavior of commercial Sake is complicated because the spectral features depend not only on the composition, but also on the pH dependence of the main components. Furthermore, identification of the spectra of Sake with similar characteristics was successful. The spectroscopic fingerprint data can be applied in evidence of the high-quality products when Sake is exported as a Japanese specialty product.
In addition, more stable chemometrics models would be constructed because the spectral features of the commercial Sake could be more theoretically expressed.
Thus, a significant potential of the infrared spectroscopic method for the evaluation of the food quality was provided in this study. The infrared spectral information analysis would be acceptable as a new method to evaluate a profile of Sake and the non-destructive on-line monitoring of the brewing process.
